INTRODUCTION
Polysomnographic sleep undergoes marked modi®cations from childhood through adolescence. The most obvious sleep change across the maturational process is the decrease in slow-wave sleep (SWS). Children's sleep pattern is characterized by important amounts of SWS, mostly in the ®rst third of the night (Bes et al. 1991; Coble et al. 1984; Feinberg 1989; Williams et al. 1974) . However, when the reduction in SWS ®rst appears it is still a matter of controversy. A quantitative change in SWS occurs somewhere during puberty (Carskadon 1982; Coble et al. 1984; Feinberg 1989; Williams et al. 1972 Williams et al. , 1974 . Carskadon (1982) observed a reduction in SWS by almost 40% during the second decade of life. Similarly, Coble et al. (1984) reported that, in 6±15-year-old children, NREM sleep was marked by a progressive decrease in the percentage of delta sleep (stage 3 and 4). Kahn et al. (1996) described a gradual decline in SWS across the Tanner puberty stages, with approximately 35% of decline from Tanner stages 1±5. An increased proportion of stage 2 sleep, a reduction of total sleep time and a phase delay of the sleep-wake cycle have also been reported between childhood and adolescence (Carskadon 1982 (Carskadon , 1997 Coble et al. 1984; Williams et al. 1972 Williams et al. , 1974 . Some authors have observed that the transition between childhood and adolescence was characterized by the appearance of sleep complaints and an increase in daytime sleepiness (Carskadon 1982; Williams et al. 1974) . It was thus suggested that most changes occurring between childhood and adolescence may be a consequence of pubertal or hormonal changes rather than a strict re¯ect of age (Carskadon 1982; Karacan et al. 1975; Williams et al. 1972) . Carskadon et al. (1997) indicated that sleep-phase delay, which is one of the most consistent modi®cations in sleep patterns between children and adolescents, may re¯ect developmental alterations in circadian timing mechanisms. They also proposed that sleep pressure during the day builds up more slowly, enabling individuals to stay awake longer as adolescence progresses. Using preliminary data, they have demonstrated, following sleep deprivation, a reduced amount of slow-wave sleep in more mature adolescents than in less mature ones, suggesting a possible maturational in¯uence on sleep homeostatic regulation .
During adulthood, SWS begins its sharpest decline across the twenties (Feinberg 1982 (Feinberg , 1989 Williams et al. 1974) . Young adults' sleep is also characterized by an increase in REM percent, a shorter latency to the ®rst REM period, and a further decrease in sleep duration compared with adolescents (Williams et al. 1974) . As aging proceeds, sleep patterns become more disturbed, with more frequent awakenings across the night, increases in stages 1 and 2 sleep, and a signi®cant and gradual decline in SWS (Bliwise 1993; Carrier et al. 1997; Feinberg 1987; Miles and Dement 1980; Williams et al. 1974) .
Spectral analysis makes possible the quantitative description of the time course of sleep EEG across the night. Hence, it is a powerful tool to explore alterations in sleep regulation mechanisms. For instance, spectral analysis of slow-wave activity (SWA) is a quantitative measure of slowwave sleep dynamics, and represents a physiological marker of homeostatic regulation of sleep (BorbeÂ ly 1982; Daan et al. 1984) . The robustness of the homeostatic marker has been challenged in many protocols using total and partial sleep deprivations, or nap studies (BorbeÂ ly et al. 1981; Dijk et al. 1987 ). Sleep deprivation not only increases SWA and theta activity but also reduces sleep spindle activity in the night following deprivation. The reverse eect is produced by a nap in the early evening, producing a decrease in sleep pressure.
Few studies have assessed the eect of age on quantitative measures of the sleep EEG. Most observations describe changes from young adulthood to middle age (Carrier et al. 2000; Dijk et al. 1989; Landolt et al. 1996) . These studies have mostly reported a decrease in NREM sleep EEG power density for SWA, theta and sigma activity in middle-aged subjects compared with young adults. Furthermore, the decay rate of EEG power density during NREM sleep is slower in middleaged subjects than in young adults for SWA and theta bands, so that the between-group dierence diminished over the course of sleep. In addition, the dierence in sigma activity (frequency range of sleep spindles) increases with time-ofnight. These results were interpreted as possibly re¯ecting an attenuation of the build-up of sleep pressure with increasing age. To our knowledge, no studies investigating alterations of the quantitative sleep EEG, especially SWA, between childhood and young adulthood have yet been undertaken. If EEG SWA power before adulthood is considered, important information may emerge on the appearance of modi®cations in NREM sleep EEG, re¯ecting homeostatic sleep regulation mechanisms.
The aim of the present study was to investigate age-related modi®cations of EEG power spectra in NREM sleep across the night, from childhood to middle age. Furthermore, we explored the alterations in the dynamics of SWA during NREM sleep with increasing age, representing the strength of the homeostatic process.
METHODS Subjects
Fifty-four subjects between the ages of 6 and 60 years were studied. Four groups, with a female/male ratio of 1 : 2, were de®ned as: children (three girls and six boys; mean age 7.11 years; range 6±10 years), adolescents (®ve girls and 10 boys; mean age 15.33 years; range 14±16 years), young adults (®ve women and ten men; mean age 23.73 years; range 19± 29 years) and middle aged adults (®ve women and ten men; mean age 45.4 years; range 36±60 years). All subjects reported to be in good health and to be free of sleep complaints. They did not abuse drugs or alcohol, and did not take medications known to in¯uence sleep. Subjects were screened for the presence of sleep apneas (index >10) and periodic limb movements during sleep (index >10). All subjects with an index >10 were excluded. Sleep eciency was set at a minimum of 85% to obtain comparable sleep parameters for all groups. Bedtime and waketime for the dierent groups were: 20.30±07.00 h for the children group, 22.30±07.30 h for the adolescents, 23.00±8.30 h for the young adults and 23.00± 07.00 h for the middle-aged group.
Sleep recordings
All subjects underwent one night of polysomnographic recording in a sleep laboratory. Children and middle-aged adults were recorded at the SacreÂ -Cúur Hospital, whereas adolescents and young adults were studied at the Louis-H Lafontaine Research Center. The setting of the two laboratories has been elaborated by the same sta, and according to the same speci®cations (polygraphs). This minimized the possibility of dierences caused by methodology. Experimental conditions such as EEG montages and data acquisition parameters were also strictly the same in the two laboratories. Electrodes were placed according to the international 10±20 system, using a referential montage with at least central and occipital EEG derivations, and left and right electro-oculogram (EOG) and chin electromyogram (EMG). A Grass polygraph (sensitivity 7.0 lV mm )1 , bandpass 0.3±100 Hz) was used to amplify signals. The signals were also relayed to a PC computer where they were digitized at a sampling rate of 128 Hz and ®ltered with a digital ®lter having an upper cuto frequency of 64 Hz. Only frequencies up to 31.0 Hz were considered for spectral analyses. Sleep stages were visually scored on screen by 20-s epochs using the C3/A2 lead, according to the standard criteria (Retchschaen and Kales 1968) .
EEG spectral analysis
To quantify the dynamics of NREM sleep EEG over the course of the night, spectral analyses were performed for the ®rst 5 h of NREM sleep (Stage 2, 3 and 4 sleep). In order to obtain data which are equivalent with most studies investigating sleep regulatory mechanisms (Achermann et al. 1993; Aechbach and BorbeÂ ly 1993; Dijk et al. 1989 ) and because it is SD for sleep scoring (Retchschaen et al. 1968) , spectral analyses were performed on the C3/A2 derivation.
Power spectral analyses were performed with a commercial software package (Eclipse 3.0, Stellate Systems, Montreal, Canada) which computes fast Fourier transforms (FFT) on 4-s epochs with a cosine window tapering. This yielded a spectral resolution of 0.25 Hz. Artifacts were rejected by visual inspection and analyses were performed on artifact-free epochs. Epochs with artifacts were considered as missing data in order to preserve sleep continuity. After spectral analyses, ®ve 4-s epochs were averaged to keep a correspondence with the 20-s sleep scoring windows. Then, spectral activity was averaged per hour for the ®rst ®ve NREM hour of sleep. Five frequency bands were de®ned as: SWA (0.75±4.5 Hz), theta (4.0±7.75 Hz), alpha (8.0±12.0 Hz), sigma or spindle frequency activity (SFA: 12.25±15.0 Hz) and beta (15.25± 31.0 Hz). Absolute power was used for all frequency bands.
Statistical analyses
To evaluate the dierences in sleep architecture, one-way ANOVA with one independent variable (Age group) and one dependent factor (individual sleep parameter) were performed. Signi®cant F-values were adjusted with Bonferroni correction for multiple testings. For a quantitative description of EEG power for each age group during the night, the ®rst statistical analyses were performed on log-transformed power values, to normalize data distributions. Two-way ANOVAs with one independent factor (Age group) and one repeated measure (NREM hour) were performed to illustrate the eects of age and time-of-night on EEG power in the various frequency bands during NREM sleep. P-levels (alpha) were adjusted with Huynh-Feldt correction for sphericity, and considered signi®cant when £0.05. Contrast analyses and post hoc Tukey HSD (P-level £0.05) comparisons were used to decompose the interaction eects and identify the nature of signi®cant results, or to locate the dierences in main eects.
To assess the dynamic of SWA over the course of the night, further analyses were performed on percent of mean SWA during NREM sleep for the entire night. Two-way ANOVAs with one independent factor (Age group) and one repeated measure (NREM hour) were used to investigate the eects of age on the dynamics of changes in EEG during NREM sleep. Then, trend analyses were performed for each group with a between-group comparison of the rates of change. Table 1 presents sleep parameters (mean SD) derived from visual scoring. Children and adolescents had longer sleep latency than young adults and middle-aged subjects. REM sleep latency was longer for children than for young adults and middle-aged adults. REM latency was also longer for adolescents than young adults. Sleep eciency was higher only for the young adults compared with middle-aged subjects. Important dierences with regard to percentage of time spent in the various sleep stages were also observed between age groups. The middle-aged group had a higher percentage of wakefulness, stages 1 and 2 sleep, compared with children and adolescent group. Percentage of Stage 2 sleep was higher for adolescents and young adults than for children. In contrast, the percentage of SWS (Stages 3 and 4 sleep) was signi®cantly more important for the children than for the other three groups. The percentage of SWS was also higher for adolescents, than for young adults or middle-aged subjects. There were main eects of gender and age for the percentage of stages 3 and 4, but no interaction. With age, the percentage of SWS decreased, and women had a higher percentage of SWS compared with men. Young adults presented a higher percentage of REM sleep than the other three groups. Total sleep time was reduced for middle-aged subjects compared with the younger groups. 20.67 min SD; P < 0.0001). Analyses per NREM hours allows to measure the intensity of EEG spectral power on the same averaging unit (e.g. 60 min), and to compare subjects with dierent number and duration of NREM±REM cycles. For illustrative purposes, we added a graph of absolute SWA across NREM±REM cycles (Fig. 1) . Further analyses were performed on the ®rst 5 NREM hours of sleep.
RESULTS

Sleep variables
As illustrated in Fig. 2 , a marked decrease of SWA is observed with increasing age. In the four age groups, SWA declined over the ®rst ®ve NREM hours of sleep. A two-way ANOVA (on log transformed values) with Age group as the independent factor and NREM hour as a repeated measure revealed a signi®cant interaction eect (F 12 200 1.93; e 0.90; P 0.04), showing that the decay rate of SWA was not the same for the dierent groups; between-group dierences in SWA power was larger at the beginning of the night and decreased over the ®ve NREM hours. Contrast analyses were performed to evaluate the eects of age group at each NREM hour, and showed signi®cant between-group dierences for each hour (P < 0.001). Post hoc Tukey HSD mean comparison tests demonstrated that SWA was signi®cantly higher for children compared with adolescents for NREM hours 1 and 4. Children and adolescents had more SWA power than young adults and middle-aged subjects throughout the night. Furthermore, young adults showed a signi®cantly higher level of SWA than the middle-aged for the ®rst 2 h. Absolute theta power was signi®cantly higher across the night for children compared with the other three groups. Theta power also showed a declining pro®le over consecutive NREM hours, as illustrated in Fig. 3 . A signi®cant interaction between age group and NREM hour was observed (F 12 200 8.16 ; e 0.85; P < 0.0001). Between-group dierences were present at each NREM hour (P < 0.0001). In comparison to children, theta power was lower for adolescents, young adults and middle-aged subjects throughout the night. Theta power was higher for adolescents compared with young adults for hours 1, 2 and 4. Compared with middleaged subjects, adolescents had more theta power for all hours. The interaction may be explained by the variations of the eect of age across the night. Children showed, indeed, a steeper decline of theta power especially during the ®rst 2 h of NREM sleep. A signi®cant Age group X NREM hour interaction was found for alpha power (F 12 200 2.90; e 0.76; P 0.003). Signi®cant between-group dierences were noted for each hour (P < 0.0001). Alpha power was higher for children than for young adults and middle-aged subjects at all hours. Adolescents had also more alpha power compared with middle-aged at hour 1 (Fig. 4) .
For sigma power, a signi®cant interaction between Age group and NREM hour was found (F 12 200 2.17; e 0.99; P 0.015). Sigma power was signi®cantly dierent between the four groups for NREM hours 1, 2, 4 and 5, (P < 0.05). Children had more sigma power than middle-aged subjects for hour 1. Sigma power was higher for adolescents compared with middle-aged adults, except for hour 3 (Fig. 5) .
The ANOVA revealed signi®cant main eects of both Age group and NREM hour (F (350) 3.44; P 0.024; F (4200) 10.55; e 0.92; P < 0.0001) for beta power, but no interaction. Beta was signi®cantly higher for children compared with young and middle-aged subjects. A very high tendency for more beta power in the children than in the adolescent group was also observed (P 0.052) (Fig. 6) .
Dynamics of SWA and theta power: Integrity of the homeostatic process
To study the individual pro®le of EEG power spectra within each group, spectral activity was expressed as a percentage of the mean power during NREM sleep for the entire night. Figure 7a and b represent the percentage of SWA and theta band in the course of the night, and show that the eect of age on EEG power varied across the night. A signi®cant Age X NREM hours interaction eect was noted for both frequency bands (F 12 200 2.55; e 0.78; P 0.008; F (12 200) 13.36; e 0.80; P < 0.0001). Trend analysis revealed a linear component for the dynamics of SWA and theta decrease for the four groups (P < 0.002) a quadratic component (P < 0.002, children and adolescents and P < 0.05, young adults) for all but the middle-aged subjects. Between-group comparisons on linear trend showed that the rate of decline was dierent for the four groups. The decrease of SWA and theta during the night displayed a similar pro®le for children and adolescents. The two younger groups had a higher rate of decline than the two older groups and SWA and theta decrease in young adults was steeper compared with middle-aged. It is interesting to note that for children and adolescents, the build-up of SWA and theta power at the beginning of the night is higher than that of young adults and middle-aged adults. The decline of SWA and theta during the night seemed to approach a plateau value with increasing age. 
DISCUSSION
To our knowledge, this study is the ®rst to describe the major age-related alterations of EEG SWA occurring from childhood to middle age. Absolute SWA undergoes a marked reduction throughout the aging process. The modi®cations in EEG power across age groups were not restricted to SWA, but included the theta, alpha, sigma and beta frequency bands as well. The dynamics of decline of SWA and theta power across the night seem to approach a plateau with increasing age, suggesting an age-related attenuation of homeostatic sleep pressure dissipation.
We can not rule out the possibility of a ®rst-night eect on sleep architecture. Sleep latency and REM latency during the ®rst night of polysomnographic recordings has been reported to be longer, especially in children. In this study, sleep variables for the younger groups are similar to those reported previously (Benoit 1981; Carskadon et al. 1987; Coble et al. 1987; Palm et al. 1989) . Moreover, in our study, sleep eciency was very high in children and also in adolescent groups, indicating that sleep quality after sleep onset was good.
An important decrease in the percentage of SWS (Stages 3 and 4 sleep) occurs across the process of aging. A major reduction of absolute SWA power was also observed across age-group, starting as early as adolescence. Moreover, the appearance of the age-related decrease of SWA power was paralleled with the decline of SWS. Theta power showed similar variations as SWA across the night and age-groups. The reduction of absolute SWA suggests that it may play a role in the intense physiological transformations occurring during maturation. As such, it has been proposed that the changes of EEG during sleep could re¯ect the kinetics of the underlying metabolic processes (Church et al. 1975; Feinberg 1982; Feinberg et al. 1990 ). The early modi®cations in sleep structure across childhood and adolescence has been related to ontogenetic alterations in cortical synaptic density, which peaks in the ®rst decade of life, and then undergoes a substantial reorganization during the second decade (Feinberg 1982 (Feinberg , 1990 . The higher EEG power of young subjects was also seen as a possible re¯ect of a higher level of synchronization of cortical neurons, compared with older individuals (Astrom and Trojaborg 1992) .
The age-related alterations of EEG power in this study also aected alpha, sigma and beta frequency bands. Overall, younger subjects exhibited higher power for all these bands than the older groups. The age-related reduction of power in frequencies up to 15 Hz for NREM sleep EEG, has already been reported (Carrier et al. 2000; Dijk et al. 1989; Landolt et al. 1996) .
This study also brings new data concerning the dynamics of NREM sleep EEG before adulthood. The decay rate of SWA across the night was similar for children and adolescents. However, both groups showed a higher build-up of SWA early in the night and a steeper decay across the night compared with young and middle-aged subjects. Theta activity displayed a similar dynamics as SWA during NREM sleep. It has already been reported that theta is also sensitive to sleep deprivation . The precocious modi®cations of SWA and theta power highlight the possible maturational in¯uences on sleep regulatory mechanisms. According to previous reports, the present study shows that the time course of SWA decline across the night was slower and shallower for middle-aged, compared with young adults Dijk et al. 1989; Landolt et al. 1996) . The decline of SWA and theta during the night seem to approach a plateau value with increasing age. Our results suggest that the dynamics of SWA decline during NREM sleep, re¯ecting the dissipation of homeostatic sleep process, is already attenuated in early adulthood.
It was proposed that adolescents may present a reduction in the rate of accumulation of the`sleep drive' or sleep/wake homeostatic process compared with children (Carskadon et al. 1997) . Preliminary data showed that after sleep deprivation, more mature adolescents have a lower rebound of SWS than less mature adolescents . It was recently reported that following 25-h of sleep deprivation, middle-aged subjects present a lower rebound of SWA compared with young adults during daytime recuperative sleep, suggesting a reduction in homeostatic recuperative drive (Gaudreau et al. 2001) . These studies support the suggestion of an attenuation of build-up of homeostatic sleep pressure with advancing age. However, further studies measuring the agerelated dierences in the build-up of SWA after dierent amounts of wakefulness are essential to con®rm this hypothesis.
CONCLUSIONS
The dynamics of NREM sleep EEG undergo important agerelated modi®cations, from childhood to middle-age. The precocious changes in EEG SWA power suggest a peak associated with the maturational process, followed by the already reported decline with advancing age. Aging seems to be linked to an attenuation of homeostatic sleep drive.
